We have previously shown that dorsal patterning in required, SCW/SAX activity is necessary but not suffithe embryo requires a second ligand Screw ( 
data not shown). In the converse experiment, injection of DPP rescued dorsal cell fates in strong loss-of-function 1997; Kretzschmar and Massagué , 1998) .
In this paper, we examine the differential requirement (scw
S12
) as well as scw null embryos (Figures 1E-1G ; Arora et al., 1994) . The failure of SCW to restore amniofor SCW and DPP activity in patterning the dorsal region of the Drosophila embryo. We establish that the two serosa in embryos that lack dpp function suggested that SCW and DPP act in qualitatively distinct ways. ligands display a nonreciprocal relationship in their ability to compensate for one another. SCW is dependent An important inference from these results is that SCW does not signal effectively in the absence of DPP and on DPP for its biological activity and functions by potentiating the DPP signal. The interdependence of SCW may be required to enhance a basal level of DPP activity.
To test this idea, we examined the dose response to and DPP signaling is reminiscent of the relationship displayed by SAX and TKV ; Ruberte et DPP in the presence or absence of SCW. Different concentrations of DPP were injected into embryos derived al., 1995). We have used dominant-negative and constitutively activated forms of SAX and TKV to show that from flies heterozygous for a deficiency that deletes scw, Df(2L)OD16 (Arora et al., 1994) . This allowed us SAX transduces the SCW signal, while TKV is required for mediating both SCW and DPP signaling. We also to assay the response of protein null (0ϫ SCW) and hemizygous scw (1ϫ SCW) embryos simultaneously. demonstrate a striking synergy between SAX and TKV that may explain how the SCW and DPP signals are Control scw Ϫ embryos do not differentiate any amnioserosa cells, while those in the 1ϫ SCW class have wildintegrated in the embryo. Finally, we show that SOG can antagonize SCW activity far more effectively than DPP type amnioserosa. Injection of DPP induced amnioserosa in a dose-dependent manner in both classes of activity. Thus, diffusion of SOG from the ventral side of the embryo is likely to result in a dorsal gradient of embryos ( Figures 1E-1H ). In addition, the response to a given concentration of DPP was more robust in 1ϫ SCW activity that potentiates DPP signaling in a graded manner. The results described in our study provide a SCW embryos. For example, at 30 ng/l of DPP only 8% of embryos lacking scw protein (0ϫ SCW) differentinovel framework for understanding the relative contribution of multiple BMP signals to cell fate specification ated a circumferential amnioserosa, while a higher proportion (62%) of 1ϫ SCW embryos showed the same and patterning in vertebrate embryos.
effect. We conclude that SCW potentiates DPP activity and that the magnitude of the response to DPP is depenResults dent on SCW.
SCW Potentiates DPP Signaling in the Embryo
During development, the dorsal-most cells in a wild-SCW Function Is Not Dependent on Dimerization with DPP type embryo form the amnioserosa, while flanking dorsolateral cells give rise to the dorsal ectoderm. In a dpp
Proteins of the TGF␤ family are synthesized as disulfidelinked dimers that are cleaved to release the mature null mutant, all dorsal cell fates are missing and the embryos are completely ventralized (Irish and Gelbart, ligand (Massagué , 1990) . We have previously hypothesized that SCW could augment DPP signaling by forming 1987). In contrast, embryos mutant for scw are partially ventralized and lack amnioserosa but differentiate a reheterodimers with DPP that are more potent than homodimers of either ligand (Arora et al., 1994) . To determine duced dorsal ectoderm (Arora and Nü sslein-Volhard, 1992). The relative severity of the dpp and scw mutant whether SCW function in vivo requires the formation of SCW/DPP heterodimers, we used a heterologous twist phenotypes is not correlated with their expression patterns, since scw is transcribed uniformly at syncitial (twi) promoter to drive expression of the scw cDNA in ventral cells and tested its ability to restore dorsal cell blastoderm stage and dpp expression is restricted to the dorsal side of the embryo (St. Johnston and Gelbart, fates in scw null embryos ( in embryos lacking endogenous SCW. We observed 62% rescue of the Df(2L)OD16 homozygotes using two To distinguish between these alternatives, we assayed the ability of SCW mRNA to restore dorsal pattern copies of P[twiϾSCW] and 100% rescue with four copies of the transgene. The rescued embryos showed only in dpp null embryos. If the difference in the scw and dpp mutant phenotypes simply reflects their effective slight defects in head involution and differentiated both dorsal epidermis and amnioserosa ( Figures 2B-2D ). Reconcentrations, excess SCW should compensate for the loss of dpp function. We first assessed the biological markably, ventrally expressed SCW ligand induces amnioserosa cells in their correct location on the dorsal activity of SCW by testing its ability to specify amnioserosa cells in embryos that lack endogenous SCW (Figure side of the embryo ( Figure 2B ; see Discussion). These results strongly argue that formation of SCW/DPP het-1). Injection of in vitro-transcribed SCW at 0.5 g/l rescued amnioserosa in 94% of the embryos (Figures erodimers is not a prerequisite for the biological activity of SCW in the embryo. 1A-1C; Table 1A ). In contrast, injection of SCW into dpp Table 1B ).
SCW and DPP Act Primarily through Independent Receptors
possibility that SAX mediates SCW activity. To address Ubiquitous expression of a single copy of UAS:SCW in the wing disc, using the A9 driver, produces adult wings this question, we used dominant-negative forms of SAX and TKV (SAX-DN and TKV-DN) to test whether they with ectopic venation and thickening of the normal veins ( Figure 4A ). The posterior compartment is enlarged, and specifically blocked signaling by one or both ligands. These receptors retain the ligand-binding domain but the distal region often contains a blister. These phenotypes are comparable to the effect of ectopic expression lack the intracellular kinase domain and are thought to inhibit signaling by titrating out the ligand (Haerry et al., of DPP at low levels (data not shown). Expression of higher levels of DPP results in a stronger phenotype 1998). We used the ability of SCW and DPP to specify amnioserosa in scw Ϫ embryos as an assay for ligand characterized by small blistered wings that have pigmentation and hairs typical of vein tissue ( Figure 4A ). activity. Concentrations of ligand mRNA that elicit biologically equivalent responses (amnioserosa induction SAX and TKV display a ligand specificity in imaginal discs that is similar to their specificity during emin 70%-80% of scw Ϫ embryos) were used as a baseline (Table 1B ; Figures 3A and 3B). We found that the rebryogenesis. Flies expressing two copies of UAS:SAX-DN have wings that are narrower than wild type and sponse to SCW mRNA was significantly reduced by coinjection with 2 g/l of SAX-DN and abolished at lack longitudinal vein L5 and the posterior crossvein ( Figure 4B ). This phenotype may result from inhibition higher concentrations (Table 1B; Figure 3C ). In marked contrast, SAX-DN was ineffective in attenuating the reof endogenous signaling by DPP or a related ligand required for growth of the wing disc and vein differentiasponse to DPP (Table 1B; Figure 3D ). Unlike SAX-DN, the TKV-DN receptor was able to inhibit the response tion (Singer et al., 1997). Expression of a single copy of UAS:SAX-DN in the wing caused no patterning defects to both SCW and DPP. Coinjection of 4 g/l of TKV-DN mRNA reduced the peak response to SCW and DPP (data not shown) but suppressed the ectopic SCW phenotype to almost wild type ( Figure 4B ). SAX-DN has no by 4-and 6-fold, respectively, but did not abolish the response to either ligand (Figures 3E and 3F ; Table 1B). inhibitory effect on UAS:DPP signaling in the wing. In contrast, coexpression of TKV-DN suppressed the pheThus, TKV function is required for the response to both ligands, while the ability of SAX-DN to interfere specifinotypes resulting from both DPP and SCW ectopic expression. As seen in the embryo, suppression by TKVcally with SCW and not DPP signaling strongly argues that SAX preferentially mediates the response to SCW. DN was partial. Expression of TKV-DN alone resulted in defects similar to those caused by expression of SAXTo determine whether the interactions observed with SAX-DN and TKV-DN extend to other tissues in which DN but that affect different regions of the wing. The L2 and L4 veins were partially lost ( Figure 4C ). Wings from DPP signaling is required, we used the UAS-GAL4 system to coexpress these proteins in the wing imaginal animals coexpressing SCW and TKV-DN no longer developed blisters, but ectopic venation and overgrowth discs (Brand and Perrimon, 1993 ; Figures 4A-4C) . dpp is expressed extensively during larval and pupal develof the region posterior to L5 persisted. Suppression of the ectopic DPP phenotype by TKV-DN resulted in wings opment and has a well-characterized role in growth and patterning of imaginal disc derivatives (reviewed in Gelthat were closer to wild type in size, and the longitudinal veins L1-L3 were restored. bart, 1989; Lawrence and Struhl, 1996; Neumann and Cohen, 1997). In contrast, expression of the scw gene Our results provide evidence that TKV mediates signaling by both SCW and DPP, while SAX is dedicated is confined to early blastoderm embryos and cannot be detected later in development (Arora et al., 1994) .
to transducing the SCW signal. This view is supported by , 1996) . We decided to test the potency of constitutively activated forms of SAX (SAX-A) and TKV for SCW, the sax, scw double mutant phenotype should be no stronger than either mutant alone. We examined (TKV-A) to gain an insight into whether these receptors differ in their signaling capacity. the phenotype of double mutant embryos laid by sax 2 , Df(2L)OD16/sax 1 mutant females mated with scw S12 males. We wished to determine whether SAX-A could override the requirement for DPP in the embryo. Injection of These embryos appear similar to scw Ϫ embryos, as judged by cuticular and amnioserosa phenotypes (data TKV-A into dpp Ϫ embryos resulted in differentiation of amnioserosa in a concentration-dependent manner (Tanot shown), reinforcing the idea that the primary role of SAX during early embryogenesis is to convey the SCW ble 1C; Figure 5A ). In striking contrast, injection of SAX-A over the same 15-fold concentration range (1-15 g/ signal.
l) was ineffective in promoting amnioserosa cell fates ( Figure 5B ; Table 1C ; Df(2L)OD16 double mutant (C). ity, often in a circumferential manner (C; see Table 1C ).
Mutant embryos were unambiguously identified by the absence of lacZ inserts on the FM7 and CyO balancers.
1997) and the data presented above, it is likely that SAX is dependent on a basal level of DPP/TKV signaling for SOG Antagonizes SCW Activity in the Embryo
The sog gene is expressed in two ventrolateral domains its activity.
To test the interdependence of TKV and SAX signaling that abut the dorsal domain of dpp expression at cellular blastoderm (Franç ois et al., 1994). It has been proposed in embryonic patterning, we coinjected low levels of TKV-A along with SAX-A (Table 1C; Figure 5 ). When that SOG diffuses dorsally and limits DPP activity by preventing the ligand from binding its receptors (Holley dpp Ϫ embryos are injected with TKV-A at 1.0 g/l, a majority of the embryos are below the threshold for et al., 1996). The dorsally expressed metalloprotease TLD negates this effect by mediating SOG cleavage, amnioserosa induction (Table 1C) . While these data strongly tion of amnioserosa in 27% of the embryos, a response that was 6-fold greater than with TKV-A alone (Table  imply that 
DPP and SOG can interact, they do not address the question of whether SOG exclusively targets 1C). When higher concentrations of TKV-A (3.75 g/l)
and SAX-A (3.0 g/l) were tested, 92% of the embryos DPP activity in the embryo. To determine whether sog antagonizes scw function, differentiated an amnioserosa, in contrast to 29% with TKV-A alone (Table 1C; Figure 5C ). Coinjections of the we examined the phenotype of sog; scw double mutant embryos, using the dorsal domain of rho expression as same concentrations of TKV-A with wild-type SAX, or SAX-A with wild-type TKV, did not result in induction of a marker for cell fate ( Figure 6A ; Biehs et al., 1996). This aspect of rho expression is abolished in scw null amnioserosa (data not shown). These results demonstrate that coexpression of SAX-A and TKV-A has a embryos (Biehs et al., 1996). In contrast, loss of sog function results in an increase in dorsolateral pattern synergistic effect that is sufficient to promote specification of the dorsal-most pattern element. This synergy elements and concomitant expansion of dorsal rho expression ( Figure 6B ). As shown in Figure 6C , the phenobetween SAX and TKV could provide the basis by which SCW potentiates DPP signaling in the embryo (see Distype of sog; scw double mutants is indistinguishable from that of scw null embryos. This result demonstrates cussion). that scw is epistatic to sog, consistent with a role for retaining the C-terminal tag were visualized by probing Western blots with an anti-FLAG antibody. As shown in SOG as an inhibitor of SCW function.
Although the epistasis experiment illustrates the rela- Figure 7D , SOG is efficiently cleaved in the presence of SCW. Taken together, the genetic epistasis studies, tionship between SOG and SCW, it does not reveal whether antagonism of SCW is mediated through inhibicoexpression experiments, and biochemical data argue that SOG is a potent antagonist of SCW activity in vivo. tion of DPP activity. In order to evaluate whether SOG activity was ligand specific, we coinjected SOG along with SCW or DPP into scw Ϫ embryos. Concentrations Discussion of ligand mRNA that evoke biologically equivalent responses were chosen as a baseline (see Table 1B Table 1D ). Remarkably, SOG at concentrations as high as 2 g/l did not block induction of amnioserosa counterintuitive, given that exogenous DPP is capable of specifying the full range of dorsal pattern (this work; by DPP, although it was sufficient to abolish endogenous signaling in a wild-type embryo ( Figure 7C ; Table  Ferguson and Anderson, 1992a; Wharton et al., 1993). A resolution to this paradox may lie in the fact that the 1D). These results indicate that SOG is an effective antagonist of SCW activity at concentrations that have no endogenous levels of DPP present in the embryo have a limited patterning capacity. This is clearly illustrated effect on DPP signaling.
We confirmed the specificity of the SCW-SOG interacby the phenotype of scw mutant embryos, in which dpp is expressed normally but is insufficient to specify amnition by examining the effect of SOG on ectopic expression of SCW and DPP in imaginal discs (see Figure 4) . oserosa cells (Arora et al., 1994) . In this study, we demonstrate that SCW functions by potentiating DPP activity Expression of UAS:SOG had no effect on wing morphology, barring the occasional loss of the posterior crossin the embryo in order to achieve peak levels of signaling in the dorsal-most blastoderm cells. Similar results have veins ( Figure 4D ). Consistent with our observations in the embryo, coexpression of SOG resulted in a remarkable been reported by Neul and Ferguson (1998 [this issue of Cell]). Data from embryo injection assays do not supsuppression of the ectopic SCW phenotype but was unable to suppress the patterning defects caused by port a simple model in which SCW augments DPP by binding to the same receptors and eliciting a qualitaectopic DPP expression in the wing ( Figure 4D) .
To obtain biochemical evidence for an interaction betively similar signal. SCW injections are ineffective in restoring dorsal pattern in dpp Ϫ embryos, suggesting tween SOG and SCW, we examined the ability of TLD to cleave SOG in the presence of the SCW ligand. Exthat SCW and DPP have distinct roles in embryonic patterning (Figure 1 ). Since SCW does not signal effecpression of TLD in S2 cells has been shown to result in a low level of SOG cleavage that is significantly stimutively in the absence of DPP, an important corollary is that the dpp null phenotype represents the loss of both lated by the presence of ligands such as DPP and BMP2 (Marqué s et al., 1997) . To test whether SOG cleavage DPP and SCW signaling and emphasizes the absolute requirement for DPP in dorsal patterning. is similarly enhanced by SCW, S2 cells were transfected with SOG-FLAG and TLD-Myc in the presence or ab-A possible explanation for the dependence of SCW activity on DPP could be that SCW functions as an sence of SCW. Full-length SOG and all processed forms obligate heterodimer with DPP (Arora et al., 1994) . InWhile we propose a primary role for SAX in transducing SCW activity in the embryo, it is clear that SAX deed, studies using vertebrate embryos and cell culture assays have reported that BMP4/7 heterodimers are can mediate the response to other ligands. scw is not expressed later in development when sax is required more effective at signaling than BMP4 or BMP7 ( Figures 3 and 4) . We conclude from these results that SAX mediates SCW but not DPP signaling. In similar resulted in a partially ventralized phenotype, suggesting that SOG can inhibit only a subset of the endogenous assays, TKV-DN inhibited peak levels of signaling by both DPP and SCW. These data imply that TKV is the "dorsalizing activity." In an independant study, ubiquitous expression of the sog cDNA at high levels did not primary receptor for DPP in the embryo, since DPP signaling is only affected by TKV-DN. phenocopy dpp mutants, but was comparable to loss of scw function (Biehs et al., 1996) . Thus, we propose While an obvious explanation for the inhibitory effect of TKV-DN on SCW activity is that TKV binds SCW dithat one way by which SOG mediates its negative effect on dorsal patterning is by antagonizing SCW function. ). An explanation for the failure of SOG to target DPP could be that DPP is bound to extracellular matrix binding. By the same logic, it might be expected that the SAX-DN receptor would inhibit DPP signaling. However, components or forms a high-affinity complex with its receptor. Alternatively, the observation that Xenopus since our assays were carried out in the absence of endogenous SCW, the contribution of SAX to such a Noggin can severely ventralize Drosophila embryos (Holley et al., 1996) raises the possibility that a Noggin-like faccomplex would not be detected (Figures 3 and 4 ). An obligatory requirement for SAX to form a higher order tor may be the functionally relevant DPP antagonist. If SOG primarily blocks SCW activity during emcomplex with TKV may provide an explanation for the dependence of SCW signaling on DPP. In contrast, the bryogenesis, the role of TLD may be to potentiate SCW signaling by releasing it from an inhibitory complex. We ability of TKV to signal in the absence of SAX ( possible that mutations in sog result in a broader but flatter gradient of SCW activity. This aspect of SOG While we favor the idea that SOG preferentially inhibits SCW activity, there could be other explanations for the function may also explain why dorsal (dl) mutant embryos differentiate a mosaic of dorsal ectoderm and inability of SOG to antagonize DPP, specific to our assays (Figures 4 and 7) . It is possible that SOG is depenamnioserosa cell fates, although they express scw and dpp ubiquitously (Ray et al., 1991) . Alternatively, the dent on another component to block DPP activity, and this factor is not expressed, or does not function, in a commitment to dorsal ectoderm and amnioserosa cell fates may require secondary interactions between these scw Ϫ background. Arguably, this factor could be present in the heterologous Xenopus system where SOG can tissues that involve other genes. In the wing imaginal disc, diffusion of DPP can aceffectively inhibit DPP signaling, as well as in Drosophila posed that in addition to antagonizing ligand activity in
